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Why Again Muon Collider? )
JAieieaias
Most of the muon collider R&D has been done by MAP in the US
* Experimental programme at MICE in the UK
e alternative LEMMA concept considered mainly at INFN
* Still the basis for our designs

Interest in Europe started with last Strategy Update
* Change of goals: Started looking for very high energy high-luminosity lepton collider
— The champion is CLIC at 3 TeV, which has been optimised over decades for this
* 18 GCHF, 590 MW power consumption
— The muon collider promises to be able to go to 10 TeV or higher
 Technology and design advances since MAP
— e.g. superconducting magnet technology (HTS)
— e.g. rectilinear cooling channel
— Progress on specific technologies for the muon collider
— Expect competitive cost and power consumption

CERN allocated budget to muon collider and initiated collaboration
Muon collider is part of European Accelerator R&D Roadmap

* evaluated in detail, with lots of help from US experts ;
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Proton-driven Muon Collider Concept &
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Muon collider design is driven by finite muon lifetime

MAP collaboration

Proton Driver Front End Cooling Acceleration Collider Ring
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Protons produce pions collision energy
Pions decay to muons
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Muon Collider Opportunity ©
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CLIC is highest energy proposal 1.2 | | | | |
with CDR = 11} CLIC —— X
* atthe limit of what one can do s 1L MuColl - o e
(decades of R&D) ‘T\ 09 | |
 No obvious way to improve 2 0.8
c :
Cost 18 GCHF, power 590 MW O 077 ]
S 0.6 | :
Muon Collider: = 05 ¢ -
E 04t . X :
Acceleration and collision in e 03} , e |
multiple turns in rings promises Q 02 L ?\F ]
* Power efficiency - 0.1 | | . . .
e Compact tunnels 0 1 ) 3 4 5 6
e 10TeV similarto 3 TeV
cLIC Ecm [TeV]

e Cost effectiveness

* Natural staging is natural _ . . .
Muon collider promises unique opportunity

Synergies exist (neutrino/higgs for a high-energy, high-luminosity lepton collider

Detailed studies needed for

guantitative statements .
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Luminosity Goals

Target integrated luminosities

/5

[ Ldt

3 TeV
10 TeV
14 TeV

1 ab—1
10 ab—1
20 ab—?!

Note: currently consider 3 TeV
and either 10 or 14 TeV
 Tentative parameters achieve
goal in 5 years
 FCC-hh to operate for 25 years
* Might integrate some margins
 Aim to have two detectors

Feasiblity addressed
* will evaluate luminosity
performance, cost and power

consumption
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Tentative target parameters
Scaled from MAP parameters

Parameter | __unit__JEREY

Comparison:
CLICat 3 TeV: 28 MW

10 TeV 14 TeV
L 103* cm2st 1.8 20 40
N 10%2 2.2 1.8 1.8
f. Hz 5 5 5
Pieam MW 5.3 14.4 20
C km 4.5 10 14
<B> T 7 10.5 10.5
£ MeV m 7.5 7.5 7.5
o./E % 0.1 0.1 0.1
o, mm 5 1.5 1.07
mm 5 1.5 1.07
€ nm 25 25 25
o Km 3.0 0.9 0.63
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Key Challenge Areas ©

JAieieaias
10+ TeV is uncharted territory
|ldentified the key challenges:
=> Nathaniel

=> Donatalla

* Impact on the environment
— The neutrino flux mitigation and its impact on the site (first concept exists)

* High-energy systems after the cooling (acceleration, collision, ...)
— This can limit the energy reach via cost, power, technical risk and beam quality

* High-quality muon beam production

— MAP study provided design concepts that can deliver high-energy physics
programme

— First experimental verification in MICE
— Need to optimise and prepare cooling string demonstration
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Neutrino Flux (&)
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Team of RP experts, civil engineers, beam
physicist and FLUKA experts

Goal to be similar to LHC: i.e. negligible, “fully
optimised” (10 x better than MAP goal, 100 x

better than legal requirements)

C. Ahdida, P. Vojtyla, M. Widorski, H. Vincke

T ) MC simulations Dose surface map y e
* With indirect effects (a Ir, grou nd wate r, ) — presentation G. Lemer — presentatlon G. Lacerda
l Dose assessment

Addressed by
Site choice in direction of experiments  Operational

. . . c . ; -) .) ‘ Sensitivity analysis
Mechanical mover system in arcs

scenarios
* toolsin preparation
e allows 14 TeV in 200 m deep tunnel Demonstration of

compliance
Folding W|th realistic P
source term
_ G. Lerner, D. CaIzoIar| A. Lechner, C. Ahdida G. Lacerda, Y. Robert N. Guilhaudin
INPUT /" Scenario - Theoretical N :
. Parse 1 | Scenario Tunnel Point Radiation Line | 1 Edit / Reposmon
= vaox ) : - .1<<> 1<<> — : < Y
g Survey 0..n 0..n De;i;/e E .
5 Command / i
2 27211 e
1074 “H Geolocate “H Intersect -
g E Coordinate System Transformation E Digital Terrain Model GeoPrOfller Map
;‘ Initial Position and Orientation (
g e (_Se_o_d_efy_T_oel_s ____________________ ArcGIS __________ 078
2 Scenario - Geolocated : “, Display
g : Scenario Tunnel Point Radiation Line 1 Radiation . & Q
2 ' Hotspot -0
= <<> <<> : otspo “/ " ieyrin
1.0.n 10.n ' G’ (
o wm ! - onvnlle Vernier
8000 9000 10000 11000 12000 S S :

z [cm)

Mover system and impact on beam will be addressed in the coming years before end if
2025
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Proton Complex and Target Area

Proton Driver

SC Linac
Combiner

Accumulator

Front End

E
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2 MW Proton beam power is no issue

some look required at H- source and
accumulator and combiner complex

L .E - | S
woc 2 2
cVNS ¢ 3
- &’.C S 0
259 3 T

Lt > .
52 & o O(15 T) large aperture superconducting
LO o < . . . . . .- .
= o a solenoid with shielding and resistive insert
=

2 MW proton beam target

* liquid mercury
demonstrated (MERIT)
but safety concerns

* experts think graphite
target is possible

* alternatives are
considered, e.g.
fluidized tungsten,
(liquid gallium in the
us?), ...

D. Schulte

T —

N

SC-5

’ R >
— ~
i
A)
|

=

ITER Central
Solenoid Model Caoil

Window Water-Cooled
Tungsten-Carbide
Shield

Mercury Pool /
Beam Dump

Tube

Water

Drain Iron

Mercury pjug
Drain

Resistive

Magnets Mercury design shown
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Cooling Concept (&)
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. €,
Cooling Y,
high transvers| ...
emittance el el LH,-Absorber
@ Tl -reduced transversal but
ORI B . ‘ihcreased Ibngitudial emittance -y
o0 [, L7 -vg‘l ]
é % 00 6 a0 0o Beam?ecti_on- S
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S g % T_D [s) L Sbiénoid SRR
g < 8 = = 8 8 AN -7+ Electric” field
© g £ 0 et SR | 4dg.
T 238 a3 3 £ PO F Yy
£ O
NHFML
32 T solenoid
Principle has been demonstrated energy loss re-acceleration ithHTS
MICE (UK) Muon cooling principle ar
For final cooling highest-field solenoids
minimise beta-function and impact of
multiple scattering
‘‘‘‘ 32 T reached with sufficient aperture,
40+ T magnet is being designed
even 50+ T appears possible
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coil
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Cooling Cell Design

TOP VIEW

' MuCool: >50 MV/min5T

(a) 1.04LH wedge

coils

SIDE VIEW Two solutions

* H2-filled copper cavities
* Cavities with Be end caps

650 MHz

‘D) 0.44LIH wedge r 50

\ coils H - H H = H
s Mz N pq s 7 H.|gh gradlen.t c?vmes in
oB \ high magnetic field
0.4 tests much better than
T 02 - design values but need to
= 0.0 > develop
-0.2
0.4 . .
. Design can achieve target
0.8 1 I emittance
1.0 R | T T L LA T -0.4: — T T T [ T T T T T T Tt T T [ T T T T [. 0
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.2 0.4 0.6 0.8
z (m) z (m)
Will aim for further optimisation
This is the unique and novel system of the muon collider
Will need a test facility
e o Coll o ol Ao e e ————————E

T —
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High-energy Acceleration ()
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Rapid cycling synchrotrons (RCS) Acceleration
* Combine static and ramping magnets
* Fast-ramping magnets to follow beam energy

* normal conducting or novel HTS
* O(kT/s) required

Accelerators:

* Main challenge is cost and efficiency of
Linacs, RLA or FFAG, RCS

magnets and power converters
* 0O(95%) energy recovery

FNAL 290 T/s HTS magnet

Test of fast-ramping normal-

conducting magnet design
RF System g g g Magnet coil wrapped

* Important single-bunch beam loading g f
* 2x10 12 particles in O(mm)-long bunch at 5 TeV

Alternative FFA
* Fixed (high-field) magnets but large energy

acceptance
e Challenging lattice design for large bandwidth EMMA proof of
and limited cost FFA principle
. Complex. high-field magngts Nature Physics 8
* Challenging beam dynamics 243-247 (2012) =

e I
. S T —
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Collider Ring

Beam loss protection O(500 W/m)
* requires larger aperture for shielding
* will be optimised

Indicative simulations of 30 mm W shielding for

10 years:

* suppresses neutrons very well: DPA O(10%)

* 30-40 MGy (3, 10 TeV), very local can be
reduced by slightly increased shielding
=> taken care of

Arc dipoles

in baseline aim for highest field, stress limited

3 TeV:

* 3 kmof 11T Nb,;Sn dipoles (HL-LHC level)

10 TeV:

e 7km of 16 T dipoles (FCC-hh level)
* new stress-managed Nb,Sn
* or HTS is an option

Acceptable performance with NbTi

* but remember luminosity proportional to field

D. Schulte Muon Collider, Muon Collider Agora, February 16, 202 J‘
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3 TeV FFS De5|gn (MAP)

0ol

3

E 8 L

é 60 %

E —

2 40 o

5

g 20

oL v v
0 5 10 15 20 25 30 35
Position (m)
Parameter Q1 Q1 Q3 Q4
Aperture (mm) 90 110 130 150
Gradients (T/m) 267 218 -154 -133.5
Peak field (T
Dipole field (T) 2.00 2.00
IP magnets

3 TeV: Field level comparable to HL-LHC (12 vs
11 T), similar aperture
10+ TeV: Higher field and aperture are
required,

e consider HTS




Demonstrator Facility (&)
Target ﬁju.éﬁct“tdl
t
Planning demonstrator facility with +horn (1% phase) / Collimation and

muon production target and cooling * supe_rcon?ductmg upstream Downstream
solenoid (2"? phase) diagnostics area diagnostics area

:

stations

Suitable site on CERN land exists that
can use existing proton infrastructure —%

Other sites should be explored

(FNAL?) Momentum selecti

chicane

\\ —’SPS /! .; ‘i / &
. - = ]L | S

SR\ b, TT10t0 PS2 ==

100 m Gty /
/§LLHC Project Note 0013

S

M. Benedikt, LHC Performance
CERN-AB-2007-061
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Alternatives: The LEMMA Scheme )
S\

Note: New proposal by C.
Curatolo and L. Serafini needs

LEMMA scheme (INFN)
P. Raimondi et al.

Positron Linac Epsitron Acceleration Collider Ring to be looked at
N .
e * Uses Bethe-Heitler
Ecom: production with electrons
— 10s of TeV -
Positron Linac . g g POSltron
& o< I
cg 2& e Ring
S+ < Accelerators:
o Linacs, RLA or FFAG, RCS

)

45 GeV positrons to produce muon pairs —

Accumulate muons from several passages 1\
ete” — utuT L

Excellent idea, but nature is cruel

Detailed estimates of fundamental limits show that we require . )
a very large positron bunch charge to reach the same H M
luminosity as the proton-based scheme

= Need some game changing invention
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European Accelerator R&D Roadmap
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. . Label Begin | End | Description Aspirational Minimal
CERN Council charged La boratory Directors [FTEy] | [KCHF] | [FTEy] | [KCHF]
MC.SITE 2021 | 2025 | Site and layout 15.5 300 13.5 300
G rou p ( LDG ) to d eve I 0 p Roa d ma p MC.NF 2022 | 2026 | Neutrino flux miti- | 22.5 250 0 0
. gation system
— reviewe d by S P C MC.MDI 2021 | 2025 | Machine-detector 15 0 15 0
. interface
— agreed by Council December 2021 MC.ACCCR | 2022 | 2025 | Collider ring 00 | 10 | 0
MC.ACC.HE 2022 | 2025 | High-energy com- 1m0 7.5 0
plex
. MC.ACC.MC 2021 | 2025 | Muon cooling sys- 47 0 22 0
CERN Council charged LDG to develop tems
. . MC.ACC.P 2022 | 2026 | Proton complex 26 0 3.5 0
Imp lementation P lan by March 2022 MC.ACC.COLL | 2022 | 2025 | Collective effects | 18.2 0 182 0
across complex
MC.ACC.ALT 2022 | 2025 | High-energy alter- | 11.7 0 0 0
natives
Road map |dent|ﬁes muon Colllder Cha”enges MC.HFM.HE 2022 | 2025 H%gh—ﬁeldmagnets 6.5 0 6.5 0
. MC.HFM.SOL | 2022 | 2026 | High-field 76 2700 29 0
and two R&D scenarios to address them solenoids
MC.FR 2021 | 2026 | Fast-ramping mag- | 27.5 1020 22.5 520
* An aspirational scenario net system
MC.REHE 2021 | 2026 | High Energy com- 10.6 0 7.6 0
H .- H plex RF
¢ A minima I scenario MC.REMC 2022 | 2026 | Muon cooling RF 13.6 0 7 0
MC.RETS 2024 | 2026 | RF test stand + test 10 3300 0 0
MC.MOD 2022 | 2026 | Muon cooling test | 17.7 400 4.9 100
FTEy kCHF Muon |
. . MC.DEM 2022 | 2026 | Cooling demon- | 34.1 1250 3.8 250
Aspirational 4459 11,875 strator design
MC.TAR 2022 | 2026 | Target system 60 1405 9 25
o__c MC.INT 2022 | 2026 | Coordination and 13 1250 13 1250
M 11 mal 193 2,445 integration
\ [ Sum 4459 | 11875 [ 193 [ 2445

http://arxiv.org/abs/2201.07895

Aspirational scenario = 10 years of MAP (up to 45 FTE)

D. Schulte
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Table 5.5: The resource requirements for the two scenarios. The personnel estimate is given in full-time
equivalent years and the material in kCHF. It should be noted that the personnel contains a significant
number of PhD students. Material budgets do not include budget for travel, personal IT equipment and
similar costs. Colours are included for comparison with the resource profile Fig. 5.7.




Aspirational Timeline
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o o o o o
N N N N N
_ } o ° Technically limited timeline
Baseline design > O
(O}
g Facility Conceptual g_
9 Design | 8
5 ,5 Technical 3 a g)
‘» © ) 3 =cC
'S O Design S 23
Q — Q . CD
S - Facility Construction X o
a (a -}
(a1 o o
. 4] n
Demonstrator design | W -
Preparatory work
OO0
Prototypes Demonstrator @ 8
Construction g =
Demonstrator exploitation and upgrades atﬁ
o)
o
=
Design and modelling
Models, prototypes
Pre-series o=
Production 'g‘.
)
Performance P
and Cost Ready to Ready to
Estimation Commit Construct




International Muon Collider Collaboration )
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Memorandum on Cooperation
for the Muon Collider (MC) Study

THE INSTITUTES, LABORATORIES, UNIVERSITIES AND FUNDING
AGENCIES AND OTHER SIGNATORIES OF THIS MEMORANDUM ON
COOPERATION AND CERN AS THE HOST ORGANIZATION (“the Participants”)

CERN is the initial host organization for the MC Study.
International collaboration (lowa University the first US partner)

e [..] the main emphasis of the MC Study shall be to establish whether the investment into a full
Conceptual Design Report (“CDR”) and demonstrator for a muon collider is scientifically justified.
[..]

* |In particular, the MC Study shall focus on the high-energy frontier and consider options with a
centre-of-mass energy of 3 TeV and of 10 TeV or more. The 10+ TeV option is the reason to
study muon colliders, 3 TeV option might be initial energy step with technologies available in
10-20 years

* Potential synergies with other projects shall be explored and used where beneficial to the MC
Study. This would include neutrino facilities and potentially higgs factories

muon.collider.secretariat@cern.ch .
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Conclusion ©
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* Muon collider is unique opportunity for high-energy, high-luminosity lepton collider

 Two different options considered

— goalis 10+ TeV

potential 3 TeV intermediate stage

* Not as mature as ILC or CLIC

have to address important R&D items

but no showstopper identified, feasibility is addressed
see the (sometimes stony) path forward

No inventions needed

 Aim to establish solid basis for performance claim and cost and power estimates

 Aim at maturity level to make informed choices by the next ESPPU and other strategy
processes

 Animportant opportunity that we should not miss

D. Schulte

N -

Many thanks to the Muon Beam
Panel, the collaboration, the

) MAP study, the MICE
http://muoncollider.web.cern.ch collaboration, and many others
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Q&A (&)

S
e Whyno 30TeV design?
— No fundamental reason known why not
— Probably more costly and power consuming than CLIC at 3 TeV
— Try to focus on what is of importance for physics and what can be committed to in the near future
— Will make 10 TeV design and then review (neutrino radiation, magnets, ...)

* Luminosity at 30 TeV
— need design of collider and final accelerator ring to know if 90 ab! can be obtained

— assuming constant luminosity after 10 TeV is safe assumption based on conservative scaling (e.g.
final focus magnets become weaker), only neutrino radiation is not guaranteed

* Cooling techniques
— In principle a matter of performance and cost, not go or no-go issue
— final cooling solenoid should be pushed to the limit

— operation of realistic cells with integrated RF, magnets, absorbers, cooling, vacuum, alignment,
instrumentation, ...

— intensity dependent effects (might need proton beam), e.g. absorber, windows, RF, ...
— low emittance operation

* Collider ring losses are O(500 W/m), i.e. 2 x 2 x 10° muons/m/s

— Radiation in magnets will be tuned to be acceptable (need O(30 mm W shielding) :
D. Schulte Muon Collider, Muon Collider Agora, February 16, 202 J
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Q&A (&)

/Z‘\H&E@iﬁiﬁ?ﬁ!
* Earliest time for a multi-TeV muon collider is 2044

— mostly technically limited
— only exceptional effort could make it faster “put a man to the moon”-like

e What are the technical bottlenecks that drive the schedule?

— Magnets

— The cooling scheme is unique has to be developed and optimised. Engineering culture needs to be
developed.

*  Why is the muon collider still 20 years in the future?
— In the past few years the muon collider has had limited resources.

— Experience indicates that one needs to spent 500 MCHF on development before one can launch
into the project

e What can we learn from MICE?

— Strong, laboratory-driven organisation is essential. The formal procedures of big laboratories can
pay off.

* Does the accelerator community need more early career physicists?

— At least in Europe, yes. Requires funds to hire them.

D. Schulte Muon Collider, Muon Collider Agora, February 16, 202 J
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Q&A (&)

JAreatie
* Are their real efforts on synergy between the muon collider and neutrino facilities?
— This is slowly building up. E.g. will check if a test facility based on PS be used for NuStorm.

— You will have to tell us what to do.

* Does the R&D path to a ~10 TeV muon collider require any technological leaps?

— We do have solutions for the collider parts but need R&D. We see a path forward, e.g. stress-
managed magnets. We do not need to hope for a miracle.

 What are the highest priority items?
— Best to refer to the Roadmap.

* Does the R&D for a higgs and a multi-TeV collider differ and does it makes sense to
focus on one?

— There is important overlap. The higgs factory does not need the final cooling and the high-energy
acceleration but has a challenging collider ring. A muon collider higgs factory is a good thing but
with strong competition at this moment. A multi-TeV muon collider is a unique opportunity.

*  Which muon collider technologies are of general use?

— The whole magnet work, in particular the solenoids (which other colliders do not develop) and the
fast-ramping magnets with energy recovery.

— Target development is useful for other applications (e.g. neutron spallation source) . .
D. Schulte Muon Collider, Muon Collider Agora, February 16, 202 .
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e What would the ideal international muon collider collaboration look like?

Not sure what the ideal one would look like. We have an international collaboration hosted by
CERN. You are welcome to join. The host role can change as things evolve.

* Luminosity

e Detector studies
— support them

D. Schulte Muon Collider, Muon Collider Agora, February 16, 202 J
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Memorandum on Cooperation
for the Muon Collider (MC) Study

THE INSTITUTES, LABORATORIES, UNIVERSITIES AND FUNDING
AGENCIES AND OTHER SIGNATORIES OF THIS MEMORANDUM ON
COOPERATION AND CERN AS THE HOST ORGANIZATION (“the Participants”)

CERN is the initial host organization for the MC Study. With the main organisational

* An International Collaboration Board (ICB) oversees the the MC study and channels
contributions from the participants.

* An International Advisory Committee will be established whose mandate is to review the
scientific and technical progress of the Study typically on an annual basis and to submit
recommendations to the ICB.

* A MC Study Leader who organises and guides the study, establishes collaborations, ensures
coherent communications, coordinates the resources and organises workshops, conferences
and meetings where relevant. He or she will be appointed by the ICB and guided by its

decisions, and will act under the authority of the head of the host organization
D.Schulte  Muon Collider, Muor MM
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Collaboration Scope @
S
* At the date of conclusion of this Memorandum it is envisaged that the main

emphasis of the MC Study shall be to establish whether the investment into a full
Conceptual Design Report (“CDR”) and demonstrator for a muon collider is
scientifically justified. The MC Study shall provide a baseline concept for a muon
collider, well-supported performance expectations and assess the associated key
risks as well as the cost and electricity consumption drivers. It shall also identify

an R&D path to demonstrate the feasibility of the collider and support its
performance claims.

* |n particular, the MC Study shall focus on the high-energy frontier and consider
options with a centre-of-mass energy of 3 TeV and of 10 TeV or more.

The 10+ TeV option is the reason to study muon colliders
a 3 TeV option might be initial energy step with technologies available in 10-20 years

* Potential synergies with other projects shall be explored and used where
beneficial to the MC Study.

This would include neutrino facilities and potentially higgs factories
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Neutrino Flux Mitigation (&)
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Y Dense neutrino flux can be issue at high
energies
e “hot spot” Want to remain similar to LHC level
— e Arcsin3TeV, are about OK 200 m
t section .
6,1y deep tunnel is about OK
’ . « 10+ TeVis close to legal limit

v

Proposed solution: based on idea of Mokhov, Ginneken to move beam in aperture
our approach: move collider ring components, e.g. vertical bending with 1% of main field

~2 % 600 m Opening angle £ 1 mradian

€ —>
t, 14 TeV, in 200 m deep tunnel
- comparable to LHC case
15

. » Need to study mover

| : system, magnet, connections
i neutrinos i
t, T 51 b and impact on beam

- Working on different

HHH approaches for experimental
insertion
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Muon Collider Luminosity Scaling &

_= =

Fundamental limitation S
Assumes no emittance growth after source and no technical limitation
Applies to MAP and LEMMA scheme
Ny
L X Y U ce f r N 0"
L
Muon current for MAP scheme 1013 s Assume 3mm thick Be target
=> Emittance growth per muon beam passage
LEMMA scheme O(0.7 mJ) positrons through target (optimum case)
lost per produced muon pair = Need 100 bunches with 3 x 10*> positrons
= 100 MW loss yield 1.4 x 101! s (=22 MJ) to pass through target to obtain
muons (proton case: 1 x 1013s1) required muon beam emittance
=> Need 70 times denser beam => Positron beam energy 2 GJ/burst, 5 burst
=> Lose 1.4 10® positrons per second per second
=> Pass 1.4 10*8 positrons through => Energy deposition in target 60 kJ per pulse
target per second (minimum ionisation) 4.5 MK temperature

rise per bunch (linear approximation)

ional
lider
tion

=> Extremely challenging, not sure even a fluid

target can do this

Muon Collider, Muon Collider Agora, Februarx 1
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Some Comments &)

JAicaids
F. Zimmermann 2018 J. Phys.: Conf. Ser.1067 022017 claims
. N, 1 1
L~ frevN,u—M_G'YTz "
EN 3 47Tﬂ 5
3, (frIV)
- 36 2mmy, ) 4mc? 3* €

The paper assumes that muons can be stacked but ignores the associated emittance growth
This is wrong, with these assumption LEMMA would be viable

// the LEMMA scheme
_ + _ +
New proposal by scheme py G.-F.pu e G.-F. e
C.Cu ratolo and L. base LHC/FCC-hh FCC-ee FCC
Serafinineedsto  rate N, [GHz] 1 400 0.003 100
be looked at p/pulse [104] 0.01 4 0.2 6,000 .
Uses Bethe p. spacing [ns] 100 100 15 15 *~ atl4TeV:
Heit] energy [GeV] 2.5 0.1 22 22 9 GW beam power
eitier . . rms en. spread 3% 10% 10% 10%
productionwith  y emit. [um] 7 2000 0.04 0.04 even 30 Himes more
electrons N,/en 0.1 0.2 0.1 3,000 € )
[101® m~1s71] beam particles
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Note: Stacking ()

N S
C “2f.N
X7y %) rivVo7Y
€€y,
stacking in longitudinal plane does not increase A

luminosity
bunch length and beta-function increase with the charge

Stacking in transverse plane can help because _G—G ; ;

New injected bunch

€ = \/Exy '
stacking m? bunches leads to L x ")/<B>U5ﬂer’Y
N =m?N; €=me cer
N,
L x 7<B>05m6 EO fr.oNov
N Nl 0€L.0
L — = MM — N,
and the fuminosity € €1 L o< y(B)osy/ froTY : Jr,0NoY
scales as ’ €0EL,0
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Memorandum of Cooperation (&)
J\iergies

CERN is initially hosting the study

* International collaboration board (ICB) representing all partners
— elect chair and study leader

— can invite other partners to discuss but not vote (to include
institutes that cannot sign yet)

e Study leader
* Advisory committee reporting to ICB

Addenda to describe actual contribution of partners

Contact: alexia.augier@cern.ch
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Technology Challenges and Status &)

International
UON Collider
Collaboration

/‘1

FNAL

290 T/s MuCool: >50 MV/
HTS min 5T field
Need.to Two solutions
push in * Copper

field and . cavities filled
speed Test of fast-ramping with hydrogen

normal-conducting
magnet design

* Beendcaps

: MICE (UK) Muon cooling p

= L8

rinciple

— N

P

Magnet coil wrapped S X e < — ‘ e ;i‘
with 30 layers of MLI P e e ——t e s T = -
ry , - — 7 i = = - . —

\ T West Wa | EIERISSRy !

el S S—

alm
gl
Ty f’fi 2t

-

i |

743/

NHFML
32 T solenoid
with HTS

A LTATLeA T .
S ARARARRAR LR L
- — ‘o T—

Nk

e
> o =
SR
N
ARG ;
R i ""._'0

-~ Nextgoald0T | : : Pe /) ‘
~ probably 60 Tis ' | >\/ e | L0 Th M/ |
; . ) g A o G / I

- possible \@ ) N <e | L = fi oY J
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Cooling Concept O
SR

MAP collaboration

absorbe' Co" Cav'"es TOPVIEW Limit muon decay, cavities

_.:7 with high gradient in a

E.ﬂ‘—" \ @2-E magnetic field

tests much better than design

— Vvalues but need to develop
Compact integration to

f— —— f— J— jr— J— — Ju— [e— o
minimise muon loss

A 34 RT Minimise betafunction with
strong solenoids

SIDE VIEW

energy loss re-acceleration
Cooling
Need to optimise lattice design to gain factor 2 in
@ emittance, integrating demonstrated better hardware

a0 3‘_-_l_’ I performances
5 & @ () ¢ ¢
S g S co 3 8 This is the unique and novel system of the muon collider
o uwvn O P O . oge
8o 520 3 Will need a test facility
L = © o) = . . .
z 2 = The principle has been demonstrated in MICE

e
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Key Challenges O
JAdot i
00 Beam induced

Drives the beam quality
background

quite detailed MAP design

still challenging design with

challenging components ,'

optimise as much as possible 'l
nj

Iniect w~ M Muon Collider Accelerator
£ Tyecr >10TeV CoM Ring
~10km circumference
]
T asssssssne '
’0
: 4 GeV Target, tDecay pCooling  Low Energy 90
i Proton & uBunching Channel  p Acceleration "‘99
s Source Channel ¢ =y =" ="

.
-------------------------------------------------------------------

Dense neutrino flux

_ . - mitigated by mover
Cost and power consumption drivers, limit energy reach system and site selection
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring

Also impacts beam quality
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Example Cell Designs )
S
Main 6D-cooling has many magnets and needs tight integration with RF and absorbers

Initial 6D cooling _ , Final 6D cooling
\j ew - - Wedge coils b) 0.4—:LIH wedge 650 MHz coils [ Yv

0.8 ’I 3(2;:\,?:::52 \\|:| Bl cavities I / B8

| s 40

0.3

|

0.0 0.5 1.0 1.5 0 2.5 0.0| - .0.2I - '0t4' - ‘0.6' - |0.8
z (m) z (m)

Are already aware of slightly violated space constraints
* maybe cool copper can help both gradient, space and peak power

Alignment has to be integrated (e.g. additional bellows)

Beam operation is important, e.g. beam position on absorber wedge, diagnostics

integration, ...
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Timeline @

International
UON Collider
Collaboration

/ Initial design phase \ / Design phase \ / Technical design phase\
2021-2025 2026-

Establish whether investment Develop concept and Prepare approval and project
into full CDR and demonstrator technology to be ready to implementation

is scientifically justified. commit Prepare industrial production
Provide a baseline concept, Verify performance of all key of components, e.g. build
well-supported performance components. In particular, build | | magnet prototypes and
expectations and assess the cooling cell string and test with preseries with industry.
associated key risks as well as beam. Build and test magnet Prepare site for construction.
cost and power consumption models and RF components. Refine cost, power and
drivers. Start building industrial base construction schedule.

Identify an R&D path toward

the collider, considering High-

field Magnet and RF Roadmap
esults.

for production. Develop site
and infrastructure. Determine
cost, power, construction
chedule. Optimise design.

Decision to move to technical
design
Pre-commitment to project

Strategy decision (2026)
Define performance goals and
timeline for muon collider
Potentially ramp up of muon

ollider effort

Project Approval

D. Schulte Muon Collider, Muon Collider Agora, February 16, 2021
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Proton-driven Muon Collider Concept &
/“\%ﬁ%@ﬁ%?&fi

n

absorber coil cavities TOP VIEW
/>|A ATAT Z:T :.: -. Ld:-:g:.-l_]I
SIDE VIEW

energy loss re-acceleration

Q5
m 5 =
5 (@)) m O o o
s Cif 2t g
g 9 ®S o & 2
- . . s 2 ° S 5 9 — Target
Existing projects of 40 T solenoids at 4 | @ Goal > = 5 2 8 c .
= = @ RoL = w .
EMFL, NHIVIFL 2 =~ | 2 09 g .
. ‘) = Phase
£ 10"8 = Rotator
£ = .
s 4F
£ 2
= -
w
r_cu 10.0 = Final
S g = Cooling
= 4 pre-merge
%D 6D Cooling (original
- 2 design)
1.0 Bunch
' M
g E L1 el L1 1l [ | lelrgle““ J
10.0 10? 10° | 10*
Transverse Emittance (microns) MAP collaboration
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MICE (in the UK) (&)

International
UON Collider
Collaboration

Time-of-ﬂight Variable thickness 7th February 2015
hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
¢ Upstream Downstream
spectrometer module spectrometer module
MICE
Muon )
Beam | | | |
(MMB)
T T Liquid-hydrogen

Cherenkov ToF 1 absorber L ) ‘
counters re-shower |
(CKov) Scintillating-fibre (KL)
MlCE trackers ToF 2
e 10-140 e Nature volume 578,
i ; === Upstream pages 53-59 (2020)
=== Downstream
More particles at smaller E:lpty
amplitude after absorber | 2 More complete
is put in place N ~_ experiment with higher
VIS statistics, more than
one stage required
Principle of ionisation Eull .
cooling has been LH, Integration of magnets,
demonstrated . BF, ab.sorbc?rs, vacuum
is engineering

challenge

litude [mm]
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